AC Invasion into the Vulval Epithelium
ber expressed strongly in the AC (Pettitt et al., 1996) . the 1°vulval fate (Sternberg and Horvitz, 1986) . To visualize the response of the AC to displaced 1°vulval cells, In wild-type animals, the gonadal AC initiates invasion ventrally toward the 1°-fated daughters of the vulval we observed AC behavior in late-L3 animals containing both the AC marker cdh-3::CFP and the 1°vulval fate precursor cell (VPC) P6.p in the mid-L3 larval stage (Sherwood and Sternberg 2003 ; Table S1 ). By the latemarker egl-17::YFP. In wild-type animals, the AC responds to isolated P8.p descendants by directing a ba-L3 stage, the basolateral portion of the AC breaches the gonadal and ventral epidermal basement memsolateral invasive process through the basement membrane and then toward these 1°-fated cells ( Figure 1C ; branes and contacts the two central 1°-fated P6.p granddaughters ( Figure 1A) . Visualized under Nomarski Sherwood and Sternberg, 2003) . In fos-1 mutants, a basolateral process was extended toward the isolated optics, AC invasion interrupts the clear line formed by the juxtaposed gonadal and ventral epidermal base-1°-fated P8.p descendants in all cases (23/23 animals, Figure 1D ). Unlike wild-type animals, however, these ment membranes ( Figure 1A) and establishes an attachment that halts the independent sliding of the uterprocesses tracked along and accumulated at the site of the gonadal basement membrane rather than crossine and vulval tissues. AC invasion concludes 3.5 hr later at the early-L4 stage when the basolateral portion ing this barrier (23/23 animals, Figure 1D ). carboxyl terminus rich in serine and threonine residues, which are thought to be important phosphorylation Figures 1A and 1B) , indicating that the 1°vulval lineage is specified appropriately. sites ( Figures 2B and 2C) . A notable distinction within the FOS-1 sequence is the presence of the basic amino To determine if the 1°vulval lineage generates an invasion cue and whether the AC has normal mesenchyacid lysine in the third leucine repeat instead of a hydrophobic amino acid such as leucine. A maximum parmal properties and can respond to this cue in fos-1 mutants, we ablated during the L2 stage all VPCs except simony analysis of bZIP transcription factors revealed that fos-1 is the only fos gene family member in C. elefor the P8.p cell, located posterior to the P6.p cell. Under these conditions the isolated P8.p usually takes on gans and that the duplication of these genes in verte- brates occurred after their divergence from C. elegans when expressed in fos-1(ar105) mutants (Table 1) . fos1a was expressed at the highest level in the AC and at ( Figure 2D 
To determine if ACs in

AC-Specific FOS-1A, but Not FOS-1B, Expression FOS-1A Is Expressed at High Levels Rescues Invasion in fos-1(ar105) Mutants in the AC during Invasion
To determine whether fos-1a can function cell autonoThe expression patterns of fos-1a and fos-1b were demously in the AC to promote invasion, we expressed termined by generating transcriptional (TX) and translafos-1a in the AC using a 1.5 kb cis-regulatory region of tional (TL) transgene reporters that inserted YFP and the cdh-3 gene (pAC), which directs expression solely CFP into the unique start exons of fos-1a and fos-1b, in the AC from the L2 molt through the early-L4 stage respectively (fos-1a::YFP-TX, -TL and fos-1b::CFP-TX, (Kirouac and . To follow expression of -TL; Figure 3A ) . Transgenic animals containing the fosfos-1a, we inserted YFP at the C terminus of the fos-1a 1a::YFP-TX and -TL reporters showed the same excDNA to create the fusion transgene pAC-fos-1a::YFP. pression pattern at all times examined, and fos-1a::
Insertion of GFP into this C-terminal site in a fos-1 ge-YFP-TL protein localized to the nucleus ( Figure 3B ).
nomic clone rescued the AC-invasion defect in fos-1(ar105) mutants (see fos-1a/b::GFP-TL; Table 1 ). fos-1a::YFP-TL also rescued the AC-invasion defect AC-specific expression of fos-1a restored invasion in ar105 ( Figures 4B and 4D) . The delay in full rescue may be a result of a later onset of fos-1a expression in the AC To identify genes that fos-1a regulates in the AC, we first analyzed the expression of known genes that have when driven by pAC. pAC initiates expression at the L2 molt, whereas the endogenous fos-1a promoter begins AC-specific expression (R20 animals examined for each transgene). Five transgenes showed no change in expression 3 hr prior to the L2 molt. Since full pAC (cdh-3) expression in the AC is dependent on fos-1a AC expression in wild-type compared with fos-1(ar105) animals. These include the transcriptional reporters for activity (see below), it is also possible that a lower level of expression in fos-1 mutants contributes to the delay fos-1a and fos-1b. Figures 5E and 5F ).
delayed manner (Table 1 ; Figure 5G ). In addition, 2% of zmp-1 cdh-3; him-4 triple-mutant animals failed to The modest increase in lin-3 expression in fos-1 mutants appears to be functionally negligible, as it neither complete invasion by the P6.p eight-cell stage (Table  1) . Thus animals with mutations in zmp-1, cdh-3, and increased VPC induction (50/50 animals) nor altered 1°f ate specification ( Figure 1B) . We thus further analyzed him-4 together impede AC invasion more than animals with any single mutant alone. To confirm that doublethe regulation of zmp-1, him-4, and cdh-3 by fos-1a. We first found that pAC-fos-1a::YFP can increase the or triple-mutant strains do not impede invasion nonspecifically, we examined invasion in two other triplelevel of expression of cdh-3 and restore detectable expression of zmp-1 and him-4 in the AC of fos-1 mutants mutant strains containing defects in genes that have no apparent role in AC invasion (see Table 1 ). No defects (R20 animals examined for each transgene). Overexpression of fos-1a::YFP driven by a heat-shock prowere observed in these triple-mutant strains. We thus infer that zmp-1, cdh-3, and him-4 are functional tarmoter, however, did not result in ectopic expression of cdh-3, zmp-1, or him-4, indicating that fos-1a is regets of fos-1a in the AC that function together to promote invasion. quired for normal expression of these targets in the AC but is not sufficient on its own to drive their expression. Consistent with this notion, loss of fos-1a activity did not alter the expression of these genes in cells other FOS-1A Expression and Activity Are Not Regulated by the 1°Vulval Cell Cue than the AC.
We next examined whether zmp-1, him-4, and cdh-3 The 1°vulval cells stimulate AC invasion by generating a cue that promotes invasive activity toward these promote AC invasion. A putative null allele in zmp-1, cg115, was created by generating a deletion mutant cells. We thus examined whether this signal stimulates invasion by regulating fos-1a. The level of expression that removes the catalytic domain of this metalloproteinase (see Supplemental Data). We also analyzed putaof fos-1a::YFP-TL fusion protein and the localization of this protein to the nucleus was normal in vulvaless anitive null alleles for him-4 (rh319; Vogel and Hedgecock, 2001) and cdh-3 (pk87; Pettitt et al., 1996). No defects mals. Also, transgene reporters for zmp-1 and cdh-3 showed no expression differences in wild-type animals in AC invasion were observed in zmp-1 mutants, while 2% of cdh-3 and 17% of him-4 mutants showed delays compared with vulvaless animals (R20 animals examined for each transgene). We infer that the cue from in AC invasion (Table 1; Figure 5G ). To test whether these genes function together to promote invasion, the 1°vulval cells does not stimulate AC invasion by controlling fos-1a expression, localization, or activity. double-and triple-mutant strains were constructed. 
arrow). (B) By the early-tomid P6.p two-cell stage, more hemicentin::GFP is deposited under the AC. (C) By the P6.p four-cell stage, the AC has removed the underlying basement membrane and hemicentin::GFP is cleared under the AC (area between arrows) and found in large aggregates surrounding the site of invasion (small arrowheads). (D-F) In fos-1(ar105) mutants, the low level of basement-membrane localization of hemicentin::GFP is normal (arrow); however, hemicentin::GFP is not deposited at increased levels under the AC nor is it cleared under the AC by the P6.p four-cell stage. The bright staining on the top of the fluorescence images is autofluorescence from gut tissue. (G-I) In vulvaless animals, hemicentin::GFP shows increased accumulation under the AC in the L3 and mid-L3 stages (G and H) but is not cleared under the AC when invasion fails at the late L3 (I).
The scale bar is 10 m.
Targets of FOS-1A Are Expressed
vasion site ( Figure 6C ). In fos-1(ar105) mutants, increased levels of hemicentin::GFP localization did not at the Site of Invasion CDH-3 and ZMP-1 appear to play subtle roles in prooccur under the AC (Figures 6D-6F ), indicating that this accumulation is controlled by fos-1a activity. In vulvamoting AC invasion. The vertebrate Fat1 protocadherin localizes to leading edges of cellular protrusions (Moeller less animals, hemicentin::GFP accumulated under the AC in a similar manner to wild-type animals ( Figures 6G  et al., 2004) . We have similarly found that a YFP-tagged version of CDH-3 (CDH-3::YFP-TL) localizes to the proand 6H). At the normal time of AC invasion, however, the accumulated hemicentin was not removed in vulvatrusive invasive basolateral membrane of the AC (Figures S1A and S1B) . Also, a FLAG epitope-tagged verless animals in which AC invasion failed to occur (Figure 6I) . Taken together, these results indicate that hemision of ZMP-1 (ZMP-1-FLAG) localizes to various sized puncta in the AC (Figures S1C-S1F ). These puncta may centin accumulates in the basement membrane under the AC to promote basement-membrane removal and be microdomains on the cell surface formed by lipid rafts where GPI-anchored proteins localize. A similar enable invasion. During successful invasion, hemicentin is then itself removed. expression pattern has been observed with MT4-MMP, the vertebrate GPI-linked MMP most similar to ZMP-1 (Itoh et al., 1999) . Notably, there often appears to be Discussion more ZMP-1 localization near the invasive membrane of the AC. These results suggest that CDH-3 and
The ability of cells to invade through basement membranes and enter new tissues is crucial to normal mor-ZMP-1 proteins may directly promote basement-membrane removal.
phogenetic processes and the spread of cancer. Our results show that the C. elegans fos transcription factor The him-4 (hemicentin) mutant affected AC invasion the most severely of the identified targets of fos-1a. We ortholog fos-1a is a key player in this regulatory network, promoting basement-membrane removal during thus examined the expression of a full-length hemicentin::GFP transgene (Vogel and these genes, it is not through a consensus AP-1 binding site.
Animals lacking zmp-1, cdh-3, and him-4 function showed modest defects in invasion; there was a delay sion. In fos-1 mutants, the AC associates normally with the underlying gonadal basement membrane. At the in AC invasion in 25% of mutant animals compared with absence of invasion in most fos-1 mutants. We have late-L3 stage, however, the basement membrane is not removed, and the AC fails to execute invasion. In fos-1 found that increased AC-specific expression of zmp-1, cdh-3, as well as increased levels of hemicentin under mutants, the 1°vulval cells still generate the invasionpromoting cue and the AC can still respond and extend the AC in fos-1 mutants does not rescue invasion. Thus, other targets of fos-1a must make critical contributions normal mesenchymal-like processes toward these cells. These processes, however, accumulate at the to basement-membrane removal. zmp-1 encodes a functional MMP predicted to be basement membrane, demonstrating a requirement for fos-1 to break down this barrier. and cdh-3 are not altered, and hemicentin accumulates normally in the basement membrane under the AC.
Phylogenetic Analysis
Thus, the 1°vulval signal does not stimulate AC invaPhylogenetic analyis was performed using the PHYLIP 3.6a3 program (Felsenstein, 1989).
sion by regulating fos-1a. These results also indicate that fos-1a activity in the AC is not sufficient to specify Table S1 ).
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